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ABSTRACT 


Initial  experiments  characterizing  the  nature  and  mechanisms  of  elec¬ 
tronic  materials  failure  when  irradiated  by  CW  10.6  pm  CO2  laser  light  have 
been  performed.  The  selective  application  of  such  techniques  as  optical 
microscopy,  scanning  electron  microscopy,  electron  microprobe  analysis, 
x-ray  crystallography,  spin  resonance  spectroscopy,  and  infrared  spectros¬ 
copy  provides  a  specialized  facility  for  the  detailed  characterization  of 
the  nature  of  the  damage  state  and  the  paths  which  lead  to  this  state. 
Preliminary  results  on  the  changes  induced  in  silicon  samples  shew  five 
distinct  phases:  1)  thermal  etching;  2)  stress  relief  through  formation  of 
slip  traces  and  cracks;  3)  peak  formation;  4)  melting;  and  5)  abrupt  surface 
modification.  These  detailed  results  are  unique  in  the  study  of  10.6  pm 
laser  irradiation  of  semiconductor  materials.  The  nature  of  these  mecha¬ 
nisms  and  the  possible  means  of  component  immunization  are  discussed.  Early 
steps  in  the  development  of  a  theoretical  molecular  model  for  the  use  of  a 
static  absorbing  gas  as  a  damage  prevention  mechanism  are  given. 
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INTRODUCTION 


Preventing  damage  to  electronic  and  optic  components  by  laser  radiation 
requires  complete  description  of  the  initial,  intermediate  and  final  states 
of  the  material.  The  detailed  mechanism  and  rate  of  final  state  development 
must  be  defined.  Halting  the  destruction  of  the  material  can  be  accompl  isfsd 
either  by  designing  materials  immune  to  the  mechanism  involved  or  by  inter¬ 
rupting  the  processes  which  lead  to  the  undesirable  final  state. 

This  report  describes  initial  experiments  which  characterize  the  re¬ 
sults  of  laser  interaction  with  electronic  materials.  The  coupling  of  laser 
expertise  with  materials  characterization  facilities  provides  a  specific 
route  for  investigation  of  the  failure  of  electronic  components,  with  the 
goal  of  generating  the  understanding  necessary  to  devise  means  of  protecting 
the  components.  Previous  studies  have  localized  on  failure  mechanisms  in 
laser  systems  components,  particularly  with  lasers  operating  in  the  visible 
and  near  IR.  Most  work  has  failed  to  investigate  the  cause  and  effect  na¬ 
ture  of  the  interaction.  Experiments  concentrating  on  CO2  laser  interaction 
with  ancillary  components  neglect  detailed  characterization  of  the  processes 
and  results  involved  in  the  formation  of  the  destructive  state. 

OUTLINE  OF  PROGRAM 

1 .  Pu  rpose 

The  research  program  is  designed  to  develop  in  detail  the  charac¬ 
terization  of  the  nature  and  mechanism  of  laser  interaction  with  electronic 
and  optic  components.  The  goal  is  to  generate  the  necessary  physical  under¬ 
standing  to  devise  means  of  protecting  the  components. 

2.  General  Plan 

a)  Search  public  and  limited  distribution  literature  to  develop 
a  feeling  for  past  and  present  activity,  with  emphasis  on  developing  inno¬ 
vative  approaches  to  problem  definition  and  component  immunization  rather 
than  simply  duplicating  or  extending  past  studies. 

b)  Select  representative,  scient if ical ly  wel 1-def ined  materials  and 
characterize  them  before,  during,  and  after  being  damaged  by  laser  light  at 
10.6  urn. 


c)  Examine  these  materials  in  detail  after  interaction  with  laser 
radiation  of  varied  intensities  and  for  different  time  periods. 

d)  Carry  out  a  time-dependent  study  of  the  mechanisms  of  initia¬ 
tion  of  damage  to  determine  the  time  scale  for  effective  action. 

e)  Determine  the  feasibility  of  both  permanent  and  activated  pro¬ 
tective  mechanisms  based  on  theoretical  and  experimental  information 

obta i ned . 

f)  Study  the  same  sample  materials  using  the  selected  protective 

measures. 

g)  Develop  and  investigate  new  materials  specifically  chosen  for 
their  immunity  to  laser  demage. 
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(h)  Study  militarily  functional  materials  to  determine  effects  on 
operating  characteristics  using  proposed  protective  measures. 

HISTORICAL  SURVEY 

Early  work  in  laser  materials  interaction  was  limited  primarily  to 
specific  studies  of  the  rates  and  mechansims  in  the  lasing  medium.  As  the 
desired  output  powers  were  increased,  specifics  of  the  breakdown  of  the 
lasing  materials  became  importart . I Detailed  studies  of  damage  to  glass 
laser  rods  dominate  the  published  literature,  with  a  significant  contribution 
coming  from  the  USSR.-^  Studies  of  the  molecular  dynamics  in  gas  laser  sys¬ 
tems  became  an  integral  part  of  the  continued  development  of  new  and  more 
efficient  systems. 6, 7  Each  new  systems  development  such  as  TEA, 8  gas 
dynamic^  or  chemically  generatedlO  laser  media  spurred  new  studies  of  the 
laser  system  itself. 

Complementary  to  the  development  of  newer,  more  efficient  lasing  sys¬ 
tems  was  the  growth  of  means  to  modify,  control,  and  handle  the  output. 
Inactive  devices  such  as  windows  and  mirrors  showed  the  rigors  of  increased 
requirements,  and  studies  of  the  effects  of  laser  radiation  on  ancillary 
components  were  initiated.  Active  elements  such  as  frequency  doublers,  mode¬ 
locking  species,  passive  Q.-sw i tches „  and  optical  shutters  greatly  increased 
the  versatility  of  the  laser  system  and  naturally  ushered  in  a  fundamental 
investigation  of  the  principles  of  operation,  including  failure  mechanisms. 

The  effect  of  a  propagating  laser  beam  on  the  medium  and  vice  versa  became  an 
important  topic  of  study. lT,12  The  mechanistic  investigation  of  the  dynamics 
of  the  system  became  the  key  to  new  developments. 

The  present  practical  uses  of  the  laser  already  exceed  the  wildest 
dreams  of  the  progenitors  of  the  laser  era.l3”15  With  this  new  technology 
comes  the  necessity  for  detailed  studies  of  laser-matter  interaction, 
whether  deliberate  or  accidental  in  nature.  This  general  area  has  been  much 
less  intensively  explored  than  the  previous  two.  The  use  of  lasers  to  de¬ 
velop  chemical  changes  has  been  expanding, 1&  but  the  effect  on  electronic 
materials  has  not  been  thoroughly  investigated. 

This  work  is  concerned  specifically  with  the  interaction  of  CO2  laser- 
radiation  at  10.6  um  with  materials,  and  the  means  to  inhibit  component 
failure.  Previously  published  work  on  CO2  laser  damage  to  materials  is 
alarmingly  limited.  The  effects  of  CO2  laser  radiation  on  potential  laser 
window  materials  have  received  some  attention. Studies  have  been  made  of 
plasma  formation  on  irradiation  of  thin  metal  f i lms, I**, 19  whi le  reflecting 
metal  films  have  been  investigated  as  a  means  of  shielding  optical  com¬ 
ponents.  20  Two  papers  have  dealt  with  the  damage  to  semiconductor 
materials. 21 *22  Laser  interactions  with  germanium  have  demonstrated  photon 
drag  effects ,23 ,24  end  stimulated  Raman  emission  has  been  observed  from  inter¬ 
action  with  semiconductor  materials. 25  The  field  rema'ns  virtually  virgin 
for  detailed  characterization  studies  of  the  damage  state  and  the  dynamics 
and  mechanisms  of  damage  production. 

SELECTION  OF  MATERIALS 

Four  typical  materials  were  selected  for  an  initial  series  of  experi¬ 
ments:  I)  i'licon;  2)  a  sensor  material;  3)  an  optical  component  material; 

and  4)  an  amorphous  semiconductor. 
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Our  work  thus  far  has  been  devoted  to  detailed  examination  of  silicon 
damage,  since  the  careful  evaluation  of  the  behavior  of  an  elemental  material 
is  required  as  the  foundation  for  future  understanding  of  multicomponent 
materials.  With  this  basis  the  specifics  of  actual  devices  will  be  an  ex¬ 
tension  of  the  work  on  simpler  substances. 

EXPERIMENTAL  PROCEDURE 

1  .  Loser  Faci  1  i  ty 

A  CW  10.6  u.m  CO2  laser  constrained  to  operate  on  a  single  line  was 
available  for  irradiation  of  samples.  The  output  v/as  focused  on  the  sample 
by  a  germanium  lens,  with  a  localized  power  level  of  5  kW/cm^  in  a  spot  of 
approximately  1  mm2.  a  mechanical  beam  chopper  provided  square-wave  light 
pulses  of  a  chosen  time  duration.  Initial  experiments  were,  performed  on 
samples  in  air,  the  sample  being  supported  in  a  vertical  position  free  from 
interference  by  supporting  material  behind  the  specimen. 

A  laser  sample  chamber  was  designed  and  constructed.  This  provided 
an  accurate  means  of  sample  positioning,  with  the  capability  of  vacuum  cham¬ 
ber  irradiation  or  irradiation  ir.  a  controlled  atmosphere.  The  chamber  was 
equipped  with  a  laser  beam  entrance  window  plus  several  exit  windows  for 
monitoring  secondary  photon  emission  or  performing  double  beam  experiments. 
Additional  parts  in  the  chamber  we  re  available  for  in  situ  observation  of 
chemical  and  physical  properties  of  sample  materials. 

2.  Sample  Preparation 

Two  types  of  silicon  materials  were  used.  Set  1  consisted  of 
commercially  prepared  wafers  of  150*'.^  ohm-cm  p-type  silicon  which  had  been 
float  zone  refined.  Samples  were  0.2  mm  thick  with  one  polished  side.  Set 
2  consisted  of  silicon  wafers  cut  from  a  500-600  ohm-cm  boule.  Some  of 
these  wafers  of  varying  thicknesses  were  left  unpolished,  some  mechanically 
polished,  and  some  polished  both  mechanically  and  chemically.  All  sample 
wafers  were  out  parallel  to  the  (111)  crystallographic  plane.  Sample  sur¬ 
faces  were  cleaned  before  irradiation. 

3.  Characterization  Facility 

Several  experimental  techniques  were  used  on  an  exploratory  basis 
in  an  attempt  to  develop  significant  standardized  methods  for  the  morphologi¬ 
cal,  structural  and  chemical  characterization  of  laser  irradiated  materials. 
The  methods  which  were  found  to  be  distinctly  beneficial  for  silicon  samples 
were  optical  microscopy,  scanning  electron  microscopy,  Laue  x-ray  diffrac¬ 
tion,  infrared  spectroscopy,  and  electron  spin  resonance. 

The  optical  microscope  detects  changes  in  reflected  light  intensity, 
and  is  most  useful  for  studying  small  changes  in  surface  relief  rather  than 
gross  deviations,  as  only  one  altitude  can  be  in  focus  at  a  given  time  due 
to  the  short  depth  or  focus.  Complementing  this  technique  is  the  scanning 
electron  microscope  which  provides  a  much  greater  depth  of  field.  Observa¬ 
tion  of  secondary  electron  emission  from  the  surface  and  near  subsurface 
provides  general  topographical  information  as  well  as  spec  S'"-  data  con¬ 
cerning  areas  of  varying  secondary  electron  emission  charact  „■ istics.  The 
Laue  x-ray  diffraction  technique  provides  data  on  the  crystal  symmetry 
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of  the  samDle.  Infrared  spectroscopy  is  used  to  detect  changes  In  absorp¬ 
tion  properties  of  the  material  principally  through  changes  in  chemical  com¬ 
position.  Another  powerful  technique  for  observation  of  microscopic  chemical 
composition  which  could  not  be  used  for  elemental  silicon,  yet  will  provide 
specific  information  on  future  materials  is  the  electron  microprobe.  Future 
samples  will  also  be  examined  by  a  broad  spectrum  of  additional  character  Na¬ 
tion  techniques  including  electron  and  x-ray  diffraction,  nuclear  magnetic 
resonance,  mass  spectrograph ic  analysis,  emission  spectroscopy,  microindenta¬ 
tion  hardness,  Auger  spectroscopy,  and  thermal  analysis.  The  most  useful 
procedures  will  be  determined  for  each  representative  material. 


EXPERIMENTAL  RESULTS 


The  first  series  of  irradiation  experiments  was  performed  on  silicon 
samples  placed  at  the  focal  point  of  the  lens.  The  purpose  was  to  produce 
observable  damage  with  the  CW  CO2  laser  at  5  kW/cm^.  Set  one  samples  and 
polished  set  two  samples  shattered  into  multiple  fragments  which  flew  dis¬ 
tances  of  severa'  feet  when  irradiated  near  or  at  the  center  of  the  sample.  • 
However,  other  samples  irradiated  at  or  near  the  edge  did  not  show  any  evi¬ 
dence  of  catastrophic  breaking  for  exposure  periods  as  long  as  5  sec.  Samples 
exposed  for  5  sec  were  heated  to  a  dull  red  at  the  end  of  the  exposure  period. 
Surface  perturbation  observable  with  unaided  eye  was  produced  for  samples  ex¬ 
posed  for  as  little  as  2  sec. 

Unpolished  samples  approximately  0.6  mm  thick  exposed  to  CW  CO2  laser 
radiation  for  periods  as  long  as  10  sec  also  glowed  red  after  approximately 
half  the  exposure  period,  but  no  damage  other  than  the  presence  of  a  dark 
spot  in  the  area  of  irradiation  was  observable,  though  small  changes  could 
easily  have  been  masked  by  the  roughness  of  the  surface, 

CHARACTERIZATION  RESULTS 

Figure  1-1  is  a  light  micrograph  (LM)  showing  the  damaged  region  cn  the 
polished  surf  *  fa  silicon  sample  from  set  1  after  2  sec  Irradiation  by 
a  CO2  laser,  r  .  v-amaged  area  is  circular  in  shape,  approximately  1200  pm  in 
diameter,  and  consists  of  three  distinct  and  nearly  concentric  regions:  an 
outer  perimeter  band,  a  more  reflective  inner  band,  and  a  central  dark  region. 
Figure  i-2  is  a  higher  magnification  view  of  part  of  the  irradiated  region. 

The  perimeter  band  is  about  l<0  urn  wide  and  consists  of  an  outer  margin  of 
trigonal  iy  symmetric,  interconnected  etch  pits.  The  sharp  r-oindaries  of  the 
perimeter  pits  become  more  rounded  and  less  geometrically  -cfined  toward  the 
inner  margin,  so  that  the  sharp,  linear  etch-pit  edges  are  less  regular,  cur¬ 
ving  ridges  in  the  inner  region  of  the  perimeter  band.  While  the  outer  margin 
of  the  perimeter  is  sharp,  the  inner  margin  is  gradational  into  the  next  zone. 

Two  features  perturb  the  silicon  surface  outside  the  circular  damage 
region.  Three  sets  of  parallel  slip  traces  are  present  at  angles  of  60°  and 
parallel  to  the  edges  of  the  etch  pits  of  the  adjacent  perimeter  region.  In 
addition,  as  seen  in  Fig.  l-l,  a  crack  extends  from  a  point  on  the  lower  right- 
,and  part  of  the  perimeter  region  to  the  nearest  edge  of  the  sample.  The 
crack  is  irregular  and  not  geometrically  controlled. 

Inside  the  outer  perimeter  the  surface  appears  very  similar  to  the  un¬ 
disturbed  sample.  Three  sets  of  slip  traces  in  this  region  are  similar  in 
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FIGURE  l-i.  A  LIGHT  MICROGRAPH  AT  56X  OF  THE  IRRADIATED 
SPOT  ON  SILICON  SAMPLE  I. 


FIGURE  1-2.  A  LIGHT  MICROGRAPH  AT  I35X  OF  THE  SAME 
SAMPLE. 
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appearance  to  those  external  to  the  damage  region.  These  lines  are  not  as 
well  defined  as  those  outside,  though  their  direction  correlates  well  with 
the  bulk  crystal  directions. 

The  nature  of  the  two  inner  regions  is  shown  in  the  scanning  electron 
micrographs  (SEM)  of  Figs.  1-3  and  1-4.  The  perimeter  band  which  was  very 
distinct  in  the  LMs  can  still  be  distinguished.  The  crack  in  the  sample  is 
readily  apparent  at  the  right,  but  inside  the  perimeter  region  it  expands  to 
form  a  deep  rounded  depression  which  penetrates  through  the  sample  in  four 
places,  the  largest  of  which  is  approximately  ibO  p.,n  in  length.  Adjacent  to 
this  depression  and  approximately  at  the  center  of  the  damage  spot  is  a  hill, 
the  top  of  which  projects  above  the  plane  of  the  original  silicon  surface. 

The  surface  of  the  hill  is  terraced  and  marked  by  semi-paral lei  dark  and 
light  bands  which  are  visible  primarily  due  to  differences  in  secondary  elec¬ 
tron  emission.  Within  the  lighter  bands,  bright  lines  approximately  perpen¬ 
dicular  to  the  bands  can  be  seen.  The  segments  are  roughly  aligned  but  broken 
by  the  dark  bands.  At  the  top  of  the  hill,  a  nipple-like  projection  is  ap¬ 
parent.  (The  two  bright  spots  at  and  near  the  top  of  the  hill  are  dirt.) 

Figure  1-5  is  an  SEM  of  the  back  side  of  the^Same  sample  at  a  point  cor¬ 
responding  to  the  perturbed  region  on  the  front.  Here  the  original  surface 
was  unpolished  and  appears  very  rough  in  the  photo.  The  laser  irradiated 
areu  is  a  much  smoother  surface,  though  some  roughness  is  stili  evident  scat¬ 
tered  through  the  section.  The  diameter  of  the  perturbed  region  on  the  re¬ 
verse  side  is  660  pm.  A  hollowed-out  area  appears  where  the  laser  broke 
through  the  sample,  yet  even  here  some  evidence  of  the  original  sample  mor¬ 
phology  can  still  be  seen.  In  the  area  opposite  the  protrusion  on  the  front 
side,  a  gradual  rise  is  evident,  indicating  a  buildup  of  material  on  both 
sides  of  the  sample  at  the  same  poit.t.  This  is  confirmed  by  the  sectioned 
side  view  of  the  same  sample  shown  in  Fig.  1-6.  This  figure  also  indicates 
that  the  buildup  of  material  is  not  hollow,  a  possibility  which  had  occurred 
because  of  the  apparent  hole  which  can  be  seen  on  the  central  raised  portion 
shown  in  Fig.  1-5.  The  irregularity  surrounding  the  orifice  should  also  be 
noted . 

Examination  of  the  LM  of  sample  2  in  Fig,  2-1  reinforces  most  of  the 
observations  seen  on  sample  1.  Sample  2  was  from  set  2,  was  0.2  mm  thick, 
and  was  irradiated  for  2  sec.  The  sample  was  mechanically  polished  only, 
and  several  scratches  which  remained  can  be  prominently  seen  outside  the  dam¬ 
age  spot.  Again  the  three  distinct  regions  of  surface  perturbation  generated 
by  the  laser  are  observable,  with  the  inner  regions  slightly  elliptical.  In 
the  lighter  region  two  surface  scratches  are  still  evident  after  irradiation 
and  align  with  those  external  to  the  irradiated  region.  Slip  traces  can  again 
be  discerned  in  the  lighter  band  and  outside  the  perturbed  region  in  the  lower 
port  ion  of  Fig.  2-1 . 

The  perimeter  band  of  sample  2  has  features  in  common  with  sample  1,  but 
several  differences  are  apparent.  The  band  itself  is  considerably  wider, 
ranging  from  1«0  ,*m  to  1000  am,  and  is  elliptical  in  shape,  but  with  an  ex¬ 
tension  along  a  major  axis  toward  the  nearest  edge.  Thermal  etching  features 
are  more  prominent  in  this  sample,  primarily  because  of  the  width  of  the  zone. 
At  higher  magnification  the  tendency  for  the  sharp  edges  of  the  etch  pits  to 
become  rounded  and  less  linear  toward  the  central  dark  region  is  apparent. 
There  is  a  tendency  for  the  thermally  developed  etch  pits  to  extend  beyond  the 
outer  perimeter  along  or  ginal  surface  scratches. 
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FIGURE  1-3.  A  SCANNING  ELECTRON  MICROGRAPH  OF 
SAMPLE  I  AT  I34X  and  60  DEGREES. 


FIGURE  1-4.  A  SCANNING  ELECTRON  MICROGRAPH  AT  335X. 
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FIGURE  2-1.  ALIGI  .''OGRAPH  AT56X  OF  THE  IRRADIATED 
SPOTu._  -ICON SAMPLE 2. 


FIGURE  2-2.  A  SCANNING  ELECTRON  MICROGRAPH  AT  55X 
AND  60  DEGREES  OF  THE  IRRADIATED  SPOT. 


Two  other  regions  are  noteworthy.  A  crack  can  be  observed  near  the  left 
edge  of  Fig.  2-1.  An  unetched,  crescent -shaped  area  can  be  observed  in  Figs. 
2-1  and  2-2,  lying  between  a  dark  spot  at  the  left  of  Fig.  2-1  and  the  two 
inner  regions.  The  inner  edge  of  this  region  shows  the  sharp  etching  charac¬ 
teristic  of  the  outer  edge  of  the  perimeter  band,  while  the  outer  edge  of  the 
region  shows  the  gradation  of  the  etch  features  seen  at  the  outer  edge  of  the 
central  region.  * 

Figure  2-2  is  an  SEM  showing  the  entire  disturbed  region  and  includes  a 
portion  of  the  nearest  edge  of  the  sample.  Prominent  in  the  tenter  of  the 
undisturbed  area  is  a  large  symmetrical  peak  approximately  ^O.um  high,  which 
shows  a  prominent  nipple  at  the  top.  A,  magnified  view  of  this,  feature  is 
shown  in  Fig.  2-3  and  reveals  that  this. peak  protrusion  stretches  15  i-m  above 
the  uppermost  part  of  the  hill.  The  hilt  appears  to  be  terraced  by  a  series 
of  concentric  wavelike  rings,  and  a  series  of  dark  irregular  veins  runs  down 
the  sides  of  the  hill,  apparently  emanating  from  the  peak  near  the  point  at 
which  the  nipple  emerges.  Figure  2-2  demonstrates  that  the  extended  portion 
of  the  perimeter  area  identified  in  Fig.  2*1  stretches  to  the  nearest  edge. 

The  crack  is  prominent  in  Fig.  2-2  and  terminates  in  a  depression  in  the 
thermally  etched  region.  The  etched  surface  is  evident  only  on  the  left  side 
of  the  crack  near  the  sample  edge.  One  final  feature  in  Figs.  2-2  and  2-3  is 
a  line  of  higher  electron  emission  running  from  just  to  the  right  of  the  crack 
through  the  perimeter  band,  the  smooth  inner  circle,  part  way  up  the  Side  of 
the  hill,  down  the  other  side  and  into  the  perimeter  region  on  the  other  side. 
This  feature  was  also  identifiable  in  some  regions  of  Fig.  2-1  as  a  pre-exis¬ 
ting  surface  scratch.  The  scratch  appears' pitted  outs iae  the  region  perturbed 
by  the  laser,  but  no  such  relief  is  visible  within  the  central  region  magni¬ 
fied  in  Fig.  2-3.  This  white  line  is  broken  and  skewed  by  one  of  the  dark 
gray  veins  appearing  on  the  side  of  the  hill,  the  only  position  along  the 
line  segment  length  where  such  a  discontinuity  is  observed. 

The  discontinuity  is  again  manifest  in  Fig.  2*4,  which  is  a  slightly 
higher  magnification  of  the  side  of  the  peak  area  shown  in  Fig.  2-3.  Here 
again  the  darker  veins  are  evident,  though  no  relief  features  can  be  seen  for 
these  lines.  The  concentric  rings  circumscribing  the  peak  are  visible,  and 
they  definitely  appear  as  raised  and  lowered  areas.  This  SEM  was  taken  after 
the  nipple  at  the  top  had  been  removed.  The  very  irregular  nature  of  the 
remaining  crater  and  the  surrounding  orifice  is  strongly  contrasted  with  the 
smooth  topography  in  the  inner  two  regions.  This  post-mortem  surgery  pro¬ 
duces  a  hole  quite  similar  to  that  observed  on  the  reverse  side  of  sample  1 
in  Fig.  1-5. 

Figure  2-5  is  a  higher  magnification  of  the  termination  of  the  crack  in¬ 
side  the  etched  region.  Here  the  corrugated  surface  irregularity  is  evident, 
and  the  edges  of  the  fault  appear  rounded  and  covered  by  raised  treads  similar 
to  the  surrounding  sample.  Outside  this  perimeter  region  the  interior  and 
the  edges  of  the  crack  are  irregular.  Fig,  2-6  is  an  SEM  of  the1  b£ck  and 

side  of  the  sample  showing  the  nature  of  the  crack  formed  and  indicating  that 

it  goes  entirely  through  the  sample,  though  not  in  a  vertical  .<j»lane.  Figure 

2-7  is  an  SEM  of  the  reverse  side  of  sample  2.  It  shows  that  the  back  of  the 

sample  has  an  area  of  higher  secondary  electron  emission  similar  in  shape  to 
the  irregular  region  on  the  front.  In  this  sample  there  is  no  penetration 
of  the  samole  and  the  reverse  side  shows  no  evidence  of  surface  change  ob¬ 
served  in  the  first  sample. 
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FIGURE  2-4.  A  SCANNING  ELECTRON  MICROGRAPH  AT700X 
AND  30  DEGREES  WHICH  HAS  BEEN  ROTATED 
100  DEGREES  WITH  RESPECT  TO  FIG.  2-3. 
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FIGURE  2-5.  A  SCANNING  ELECTRONMI CROGRAPH  AT550X 
AND  60  DEGREES  OF  THE  CRACK  TERMINATION 
ON  SAMPLE  2. 


FIGURE  2-6.  A  SCANNING  ELECTRON  MICROGRAPH  OF  THE  SIDE 
AND  REVERSE  OF  SAMPLE  2  AT  I24X  AND  60  DEGREES. 
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FIGURE  2-7.  A  SCANNING  ELECTRON  MICROGRAPH  OF  SAMPLE 
TWO  REVERSE  SIDE  AT  I3X. 


FIGURE  2-8.  A  DARK  FIELD,  LIGHT  MICROGRAPH  AT  2I0X  OF 
THE  CENTRAL  PEAK  ON  SAMPLE  2. 
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The  final  figure  included  for  this  sample  is  a  dark  field  LM  in  which 
the  illuminating  light  is  at  an  angle  to  the  surface,  thus  illustrating  re¬ 
gions  of  surface  topography  not  in  the  surface  plane.  Figure  2-8  is  a  top 
view  of  the  peak  strongly  demonstrating  the  concentric  rings, 

A  third  sample  was  from  set  2  and  received  vibratory  polishing.  This 
sample  was  0,2  mm  thick  and  was  irradiated  for  2  sec.  Figure  3-1  *s  an  LM 
of  the  surface  region  perturbed  by  laser  radiation.  Two  of  the  three  zones 
previously  observed  are  again  evident,  with  only  the  central  dark  region 
apparently  absent.  Trigonal  etch  pits  are  much  less  prominent  than  in  the 
two  previous  samples,  and  are  evident  here  only  at  the  extreme  outer  margin 
of  the  perimeter  region.  The  perimeter  region  on  this  sample  is  dominated 
by  beadlike  or  wormlike  patterns  whose  distribution  shows  some  evidence  of 
crystallographic  control.  The  central  dark  region  is  not  prominent,  appearing 
instead  as  a  pimple  in  the  center,  with  evidence  of  surrounding  slip  traces. 

A  portion  of  a  hook-shaped  crack  to  the  nearest  edge  can  be  seen  in  Fig,  3-2, 
an  SEM  of  the  irradiated  region.  The  sample  shows  increased  secondary  elec¬ 
tron  emission  from  the  irradiated  region. 

Sample  4  was  from  set  1,  receiving  vibratory  and  chemical  polishing. 

This  wafer  was  exposed  sequentially  in  two  different  locations  on  the  polished 
surface.  The  first  exposure  was  for  2  sec.  During  the  second  exposure,  the 
sample  fractured,  with  the  break  occurring  between  the  two  exposed  spots. 
Figure  4-1  is  an  LM  of  the  second  spot  on  one  of  the  recovered  pieces.  Only 
the  outer  band  is  present,  with  beadlike  irregularities  prevalent.  Triangular 
etch  pits  extending  into  the  unperturbed  sample  are  easily  distinguished  and 
the  slip  traces  external  to  the  perimeter  region  are  evident.  In  the  lower 
right  corner  of  Fig.  4-1  along  the  sample  edge,  conchoidal  fracture  patterns 
are  discernible.  However,  within  the  irradiated  region,  the  edges  seem 
smoother  and  more  gradual.  This  observation  is  reinforced  by  Fig.  4-2,  an 
SEM  of  the  same  region.  The  dark  square  in  the  center  of  the  SEM  represents 
cracked  hydrocarbons  produced  during  the  electron  microscopy.  The  rugged 
fracture  external  to  the  irradiated  area  is  contrasted  with  the  smooth  inner 
reg ion. 

The  final  sample  examihed  was  from  set  2  and  was  irradiated  on  the  un¬ 
polished  side.  The  sample  fractured  after  a  portion  of  the  2  sec  irradiation 
period.  Figure  5-1  shews  a  large  area  of  smooth  material  covering  part  of 
the  surface  and  extending  in  a  long,  irregular  projection  away  from  the  sam¬ 
ple.  This  area  is  sharply  contrasted  with  the  rough  fracture  edge  extending 
to  either  side.  The  outer  thermally  etched  region  is  not  discernible  on 
either  side  of  the  sample.  At  the  extremity  of  the  projection,  the  edge  is 
somewhat  sharp  as  if  clipped  off.  A  magnified  view  of  a  secondary  projection 
observable  in  Fig.  5-1  extending  to  the  lower  portion  of  the  micrograph,  is 
shown  in  Fig.  5-2.  Here  too,  darker  veins  on  the  projection  and  surrounding 
extension  surface  are  evident.  The  peak  of  the  projection  is  capped  by  a 
nipple-1  ike  protrusion.  Finally,  the  lower  edge  of  Fig.  5-2  shows  the  rough 
surface  of  the  clipped  edge.  In  the  crook  shown  in  Fig,  5-1,  a  small  pro¬ 
tuberance  of  material  can  be  seen,  Fig,  5-3  showing  a  magnification  of  this 
area.  This  point  appears  very  much  like  the  peak  in  Fig.  2-3.  No  dark  veins 
sur. ound  the  projection,  though  they  can  be  observed  on  the  nipple  itself. 

The  least  extensive  damage  on  any  of  the  samples  irradiated  was  observed 
on  a  .6  mm  tnick,  unno I i shed  sample  from  set  I.  This  was  subjected  to 
several  laser  exposure  periods  of  10  sec.  The  sample  was  heated  to  a  glowing 
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FIGURE  4!. 


A  LIGHT  MICROGRAPH  AT  I35X  OF  THE  IRRADIATED 
SPOT  AND  FRACTURE  EDGE  OF  SAMPLE  4. 


FIGURE  4-2.  A  SCANNING  ELECTRON  MICROGRAPH  AT  6IX 


FIGURE 5-1.  A  SCANNING  ELECTRON  MICROGRAPH  OF  THE 
IRRADIATED  SPOT  AND  FRACTURE  EDGE  OF 
SAMPLE  5  AT  60X  AND  45  DEGREES. 


FIGURE 5-3.  A  SCANNING  ELECTRON  MICROGRAPH  AT  600X 
AND  45  DEGREES  OF  PART  OF  THE  EXTRUDED 
MATERIAL  OF  SAMPLE  5. 


red.  Mo  evidence  of  surface  modification  was  apparent  on  either  front  or 
rear  surface,  but  there  were  several  discolored  regions  visible  on  both  the 
front  and  back  surfaces.  This  sample  was  examined  by  infrared  transmission 
spectroscopy,  and  the  surface  discoloration  region  exhibited  an  increased 
absorption  at  9*3  micrometers,  characteristic  of  a  S *02  absorption  band. 

One  sample  from  each  of  the  two  sets  was  studied  by  electron  spin  reso¬ 
nance.  No  significant  differences  were  observed  between  the  unirradiated 
and  irradiated  samples.  A  Laue  photograph  of  sample  1  after  irradiation  re¬ 
vealed  some  slig.it  misorientat ion  of  a  small  amount  of  crystalline  material 
superimposed  on  the  basic  diffraction  symmetry  pattern  characteristic  of 
(111)  silicon. 

DISCUSSION 

Based  on  the  characteristic  features  observed  on  the  group  of  silicon 
samples  examined,  four  fundamental  phenomena  can  be  distinguished:  stress 
relief,  thermal  etching,  melting  and  catastrophic  surface  modification. 

Stress  relief  Is  demonstrated  in  every  thin  sample  by  two  features. 

Slip  traces  observed  at  the  120°  angles  characteristic  of  the  (111)  plane 
in  silicon  result  from  the  translation  of  atomic  layers  in  an  attempt  to  re¬ 
lieve  stress  in  the  sample.  Previous  work  on  semiconductors  irradiated  by 
shorter  wavelength  lasers  illustrated  the  formation  of  symmetry-defined 
patterns,  with  evidence  of  cracks  following  crystallographic  di recti ons.2°»27 
The  generation  of  slip  lines  in  germanium  crystals  due  to  thermal  strain  has 
been  demons t rated. 28  The  generation  of  cracks  in  every  thin  silicon  sample 
also  demonstrates  ’he  attempt  to  relieve  stress,  though  the  fracture  results 
in  a  catastrophic  surface  modification.  The  crack  runs  from  (or  to)  the 
nearest  edge,  yet  does  not  follow  any  preferred  crystallographic  direction; 
it  extends  completely  through  the  sample,  though  not  in  a  vertical  plane. 

When  the  crack  enters  the  irradiated  region,  surface  perturbation  is  more 
severe.  The  behavior  of  the  material  surrounding  the  crack  indicates  that 
the  crack  is  formed  early  in  the  exposure  period. 

A  second  feature  observed  for  nearly  every  sample  is  thermal  etching  of 
the  surface.  The  trigonal  etch  pits  In  the  outer  perimeter  band  are  charac¬ 
teristic  of  the  loss  of  surface  material,  here  interpreted  as  due  to  heating 
and  consequent  vaporization.  Sample  2  manifests  the  tendency  for  etching  to 
propagate  along  surface  inhomogeneities,  such  as  surface  scratches.  The  per¬ 
imeter  band  on  sample  2  extends  a  great  distance  from  the  center  of  the  ir¬ 
radiated  region  into  the  region  perturbed  by  the  crack  and  reaches  the  near¬ 
est  sample  edge.  That  this  behavior  is  the  result  of  inhomogeneity  in  sample 
irradiation  cannot  be  discounted,  especially  in  view  of  the  existence  of 
additional  melted  regions  between  the  principal  region  and  the  near  edge. 
However,  the  symmetry  of  the  central  damage  region  tends  to  discount  this 
possibility,  as  does  the  observation  that  the  etching  has  propagated  towards 
a  severely  disturbed  region  of  the  surface.  Greater  surface  material  loss  has 
been  observed  for  unetched  Ge  surfaces  than  for  carefully  prepared  surfaces 
irradiated  by  a  ruby  laser. 29  The  disparity,  however,  cannot  be  resolved 
on  the  basis  of  the  post-mortem  examination  of  one  sample.  Suffice  it  to 
say  that  an  outer  region  of  selective  sample  loss  is  prevalent,  and  that  it 
tends  to  be  accentuated  in  areas  of  previously  perturbed  surface.  Laser 
generated  etching  has  been  observed  previously, 30  and  preferential  surface 
modification  on  defects  has  been  observed  for  ruby  laser  irradiation  of 
metals. 31 
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The  etching  behavior  is  complemented  by  the  more  complete  thermally 
generated  material  modification  caused  by  melting.  The  rapid  liberation 
(10“l^j#c)32  of  the  energy  from  the  absorbing  modes  provides  an  intense, 
sudden  source  of  localized  heating.  If  2%  of  the  incident  energy  were 
absorbed  by  a  cylindrical  sector  of  the  sample  I  mm  in  diameter  and  0.25  mm 
thick,  the  average  temperature  rise  in  the  sample  region  would  be  on  the 
order  of  3000°K  (assuming  a  constant  heat  capacity  with  no  melting  and  no 
dissipative  mechanisms).  The  actual  energy  profile  is  Gaussian  over  the 
irradiated  region,  giving  rise  to  an  inhomogeneous  temperature  rise,  as  is 
demonstrated  experimentally  by  different  degrees  of  surface  perturbation. 

Surface  features  developed  during  the  initial  thermal  etching  period 
tend  to  disappear  during  continued  irradiation.  In  the  inner  portion  of 
the  exposed  region,  a  smoothed  surface  lying  in  the  focat  plane  is  indicated 
by  the  uniform  reflectivity  in  the  IMs.  The  gradation  of  the  wormlike  ridge 
and  valley  structure  at  the  boundary  between  outer  and  inner  regions  plus  the 
depression  of  the  inner  region  indicates  that  an  etching  period  preceded  the 
melting  phenomenon.  Melting  in  the  perimeter  band  is  confined  to  the  peaks 
of  the  etched  features.  This  local  softening  of  sharp  surface  delineations 
occurs  as  more  heat  is  concentrated  at  these  ‘‘points,  either  because  of  in¬ 
creased  absorption  or  decreased  dissipation. 

The  growth  of  a  peak  outward  from  the  irradiated  sample  surface  is  the 
most  interesting  change  in  the  silicon.  Most  previous  work  has  demonstrated 
preferential  material  loss  in  the  region  of  most  intense  light,  and  crater 
formation,  spallation,  and  gas-jet  formation  are  common  observations. 

3l,33»3*t  A  similar  protuberance  has  been  observed  in  germanium  irradiated 
by  a  pulsed  ruby  laser. 26  Self-focusing  effects,  the  most  prevalent  cause 
of  damage  in  laser  glasses,  are  much  smaller  *>:  10.6  pm  than  for  similar 
powers  at  shorter  wavelengths.  One  possible  mechanism  for  peck  formation  is 
based  on  a  subsurface  temperature  greater  than  that  at  the  surface,  an  ex¬ 
planation  used  previously  to  describe  crater  and  protuberance  format «on,29»3 I 
The  pressure  buildup  in  the  sample  interior  would  then  force  the  outer  sur¬ 
face  to  distort  and  relieve  the  stress.  Surface  tension  could  be  responsible 
for  drawing  more  material  into  the  center.  The  generation  of  a  high  subsur¬ 
face  temperature  in  materials  which  are  not  strong  absorbers  of  incident 
radiation  is  not  without  precedent.  Blow-off  Is  caused  by  vaporization  of 
interior  sample  material .35  The  heat  dissipating  mechanisms  (especially 
radiation)  available  to  the  outer  surface  layers  are  greater  than  those  in 
the  interior  of  a  thermal  insulator.  The  nonlinear  sample  temperature  then 
generates  nonlinear  absorption  and  the  gradient  may  increase.  This  mechanism 
is  dependent  on  sufficiently  uniform  absorption  of  light  through  part  of  the 
depth  of  the  sample  to  permit  the  temperature  gradient  to  develop  with  inner 
material  hotter  than  the  surface.  With  an  absorption  coefficient  of  1/cm  at 
10.6  pm  at  room  temperature,  thin  samples  are  uniformly  irradiated  as  a  func¬ 
tion  of  depth.  Once  the  outer  surface  softens,  the  center  expands  to  produce 
a  mound  of  material  extending  from  the  surface..  Another  reasonable  mechanism 
is  based  on  nonlinear  expansion  of  the  material.  The  smaller  thermal  conduc¬ 
tivity  and  higher  thermal  expansion  coefficients  at  higher  temperatures  allow 
the  central  region  to  expand  faster  than  the  periphery,  thus  generating  the 
observed  peak, 3°  The  lack  of  distinctive  ESR  results  reinforces  the  conclu¬ 
sion  that  the  changes  are  due  to  melting  rather  than  abrupt  modification  of 
chemical  and  physical  structure. 
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Several  results  indicate  iliac  the  surface  does  not  become  I u i d •  First, 
all  samples  were  mounted  vertically,  yet  there  is  no  indication  of  flow  due 
to  gravity.  If  melting  were  complete,  no  protrusion  as  observed  would  be 
formed  unless  frozen  momentarily  or  the  result  of  a  steady,  balanced  outward 
pressure.  The  surface  features  such  as  the  white  line  residue  characterise 
tic  of  the  scratch  on  sample  2  would  have  become  less  distinct,  and  the  con* 
centric  ripples  observable  around  the  peak  would  have  been  lost.  Yet  the 
melting  was  complete  enough  that  surface  scratch  pits  lost  their  identity 
and  the  fault  formed  in  samplr  2  Sue  apparently  partial  iy  ittseaied  at  the 
inner  end.  When  sample  5  shattered,  the  material  in  the  melt  region  was 
pulled  out  of  shape  by  the  exiting  fragment.  The  most  consistent  conclusion 
is  that  there  is  a  plastic  softening  of  the  surface,  with  hotter  material 
immediately  beneath.  Classical  thermal  strain  studies  on  germanium  have 
shown  plastic  material  flow  and  cracking  on  cooling. 28 

The  fourth  phenomenon  which  is  characteristic  of  these  silicon  samples 
is  abrupt  surface  deformation.  This  is  illustrated  by  the  nipple  at  the 
peak  of  the  protrusions  observed  on  several  samples  and  especially  the  rugged 
surface  surrounding  it.  If  this  peak  were  produced  during  the  formation  of 
the  protrusion,  the  melted  material  would  have  smoother  the  rough  surface 
features.  Yet  these  features  show  the  sharp  character  of  the  cracks  formed 
outside  the  perimeter  band.  Evidently  this  pinnacle  was  formed  at  the  end 
of  the  irradiation  period,  or  after  the  laser  is  turned  off.  If  the  peak 
grew  by  a  series  of  projections  thrust  from  beneath  the  surface,  the  con¬ 
centric  ring  behavior  can  be  accounted  for.  This  ring  pattern  was  also  ob¬ 
served  for  the  protuberance  formed  on  Ge  by  ruby  laser  radiation.2^  The 
peak  would  grow  in  steps  by  the  periodic  ejection  of  material  from  the  sur¬ 
face  and  melting.  However,  a  more  likely  mechanism  is  that  these  peaks  are 
slowly  formed  from  the  softened  materiel  and  that  the  nipple  is  ejected  from 
the  hot  interior  just  as  the  laser  irradiation  is  completed  and  the  sample 
begins  to  cool.  Only  this  mechanism  can  account  for  the  rugged  surrounding 
surface.  The  gray  veins  are  probably  unoxidized  silicon  freshly  exposed 
from  beneath  the  surface  during  the  final  stages  of  peak  formation  or  on 
cooling.  Cracks  similar  in  appearance  were  noted  in  germanium,  but  did  not 
have  the  smooth  surface  nature  observed  in  the  melted  silicon.2®  These 
material  inhomogeneities  are  all  character ist ic  of  abrupt  material  displace¬ 
ment,  showing  skewing  of  lines  on  two  samples,  vein  formation,  and  irregular 
surface  projection,  and  giving  rise  to  a  slight  misorientat ion  in  the  Laue 
experiment. 

A  reconstruction  of  the  events  modifying  the  nature  of  the  irradiated 
silicon  can  be  deduced  from  the  surface  features  observed; 

1)  Preferential  material  loss  through  thermal  etching. 

2)  Slip  trace  generation  and  crack  formation. 

3)  Central  region  softening. 

k)  Peak  formation. 

5)  Abrupt  surface  disturbance. 

A  detailed  time-dependent  mechanistic  study  will  be  initiated  to  verify  this 
chronology,  and  to  identify  the  mechanism  for  nipple  formation  and  generation 
of  the  concentric  rings. 
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INVESTIGATION  OF  A  POSSIBLE  PROTECTIVE  MECHANISM 


One  possible  means  of  insulating  electronic  components  from  damage  by 
CO2  laser  radiation  involves  the  use  of  molecular  gases  which  are  strong 
light  absorbers  at  10.6  urn.  An  in-depth  examination  of  the  coupled  rates 
which  attempt  to  restore  the  molecular  system  to  equilibrium  thus  providing 
continued  usefulness  of  the  absorbing  gas,  is  needed  to  establish  the  feasi¬ 
bility  of  such  a  technique.  Previous  calculations  have  ignored  the  molecular 
states  of  the  system, 1 1 ,37-39  c>,  have  considered  the  molecular  states  with¬ 
out  the  coupled  hydrodynamic  propert ies .^0-42  yhe  coupling  of  the  molecular 
state  equations  with  the  conservation  equations  which  govern  energy  transfer 
and  molecular  transport  properties  is  the  soundest  approach  to  the  complete 
solution  of  the  problem. 

Molecular  gases  which  are  strong  absorbers  of  10.6  pm  radiation  have 
been  used  successfully  to  modulate  the  output  of  CO2  lasers.  SF6,  the  most 
widely  used  of  these  gases,  has  been  used  to  passively  Q-switch  and  mode- 
lock  CO2  lasers  and  other  phenomena  such  as  b leach ing,**5-*»7  self-induced 
transparency**®  and  photon  echoes**9t50  manifest  the  strong  interaction  of  the 
laser  with  the  gas.  These  properties  are  dependent  on  the  molecular  rate 
processes  responsible  for  the  restoration  of  equilibrium  in  a  perturbed  sys¬ 
tem.  These  rate  processes  have  been  studied  experimentally  in  data! 1 ,38,*»l , 
*♦2, 51, 52  but  the  theoretical  description  of  the  simultaneous  mechanisms  has 
previously  required  approximations  which  allow  examination  of  only  one  pro¬ 
cess  at  a  time. 38,^2  *n  in-depth  examination  of  the  coupled  rates  which 
attempt  to  restore  the  molecular  system  to  equilibrium  would  provide 
sequential  recovery  results. 

The  fundamental  equations  which  describe  the  gas  system  are  simply  the 
three  conservation  equations:  mass,  momentum  and  energy.  In  addition,  there 
is  a  continuity  equation  for  each  of  the  chemical  species  present. 53  An  ex¬ 
panded  version  of  the  species  continuity  concept  allows  one  to  write  an  equa¬ 
tion  of  continuity  for  each  molecular  state  present.  For  simplicity  the  $F$ 
molecular  system  may  be  approximated  as  a  three- level  system;  the  ground  vi¬ 
brational  state  labelled  3,  the  vibrational  state  to  which  molecules  are  ex¬ 
cited  by  the  CO2  laser  (most  commonly  the  v*I  state  of  the  P3  vibrational 
mode  985  cm" I  above  the  ground  state)  labelled  1,  and  a  state  labelled  2 
which  represets  the  path  of  other  excited  molecular  states.  In  this  manner 
the  following  set  of  equations  may  be  written  describing  the  system: 
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External  force  terms  have  been  neglected.  Nj,  N2,  and  N3  are  the  number 
densities  of  type  I,  2,  and  3  molecules,  with  Nj  ■  Nj  (j;*t)  ■  Nf  +  nj  l£»w* 

p  is  the  total  density,  and  pn  the  total  number  density.  $  is  the  bulk  fluid 

velocity,  the  diffusion  velocity  of  the  ith  species,  and  K{  -  K;  (x,t)  - 

K®  ♦  hj  (r,t)  are  the  rates  of  production  of  species  i.  ^  is  the  pressure 

tensor,  U  the  internal  energy  per  gram  and  a  the  energy  flux  vector. 

As  an  initial  approach  to  solving  the  problem  of  the  molecular  rate 
processes,  assume  that  the  laser  is  Q-switched  with  a  pulse  durat  on  which  is 
very  short  compared  with  the  relaxation  time  of  any  of  the  storing  rates 
of  the  system.  Then  the  laser  pulse  may  be  approximated  as  a  delta  function 
in  time  used  to  perturb  the  system  and  prepare  an  initial  state  which  will 
then  decay  toward  some  equilibrium.  The  three  continuity  equations  and  the 
conservation  of  mass  equation  together  represent  a  set  of  only  three  inde¬ 
pendent  equations.  Elimination  of  (3),  substitution  of  (4)  in  the  <*her 
equations  to  eliminate  v,  and  conversion  of  the  energy  conservation  equation 
to  one  which  is  a  temperature  change  equation  yield  four  equations  which 
may  be  expanded  to  first  order  in  the  change  variables  to  obtain: 
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0  is  the  diffusion  coefficient,  x5  the  mole  fract ion  of  species, 

bulk  viscosity  coefficient,  k  Boltzmann's  constant,  Te  the  a"»,enV1te"*e™ 

ture,  T  the  temperature  change  from  the  ambient,  X  the  thermal  conduct iv  y 

A 

coefficient  and  Cv  the  heat  capacity  per  gram. 
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Assuming  a  solution  of  the  form: 
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where  R:(r),  Z|<(z)  and  6j  (9)  are  the  eigenfunctions  of  the  operator 
defines  for  the  space  under  consideration.  This  generates  a  fifth  order 
characteristic  equation  which  may  be  solved  to  obtain  a  set  of  five  rco'cs. 
Solution  is  done  by  computer,  and  typical  results  for  the  lowest  order  in 
j,k,  and  1  for  a  simplified  three-level  system  arc  shown  in  Table  1  and 
Figs.  6  through  9.  Three  of  the  roots  are  real  and  negative.  The  fastest 
rate  corresponds  well  with  the  sum  of  terms  representing  the  rate  at  which 
molecules  are  lost  from  state  i(  and  shows  the  linear  dependence  on  pressure 
characteristic  of  binary  collision  processes.  Another  rate  labelled  rate  2 
shows  a  linear  pressure  dependence  at  pressures  above  I  torr,  but  at  low 
pressures  is  dominated  by  the  inverse  pressure  dependence  of  the  diffusion 
term.  This  rate  agrees  very  well  with  the  terms  which  are  responsible  for 
the  equilibration  of  the  nonequll ibrium  vibrational  temperature  with  the 
temperature  of  the  translational  degrees  of  freedom.  The  third  real  rate 
has  the  inverse  pressure  dependence  typical  of  a  transport  property,  and 
agrees  well  with  the  rate  at  which  heat  is  lost  by  the  system.  Agreement 
of  this  term  with  the  thermal  diffusion  coefficient  is  enhanced  when  the 
real  SF6  system  is  considered  rather  than  the  three-level  approximation. 

The  complex  conjugate  roots  give  a  real  part  which  exponentially  damps  the 
traveling  acoustic  wave  generated  in  the  gas  and  represented  by  the  imaginary 
part  of  the  complex  roots. 

These  results  prove  very  informative.  They  show  the  dangerous  anomaly 
present  in  concerted  efforts  to  use  saturable  gases  as  a  means  of  protecting 
materials  from  laser  damage.  To  prevent  saturation  of  the  molecular  tran¬ 
sition,  molecules  must  tie  rapidly  removed  from  the  excited  states,  or  rapidly 
added  to  the  absorbing  states.  The  equations  show  the  rate  of  excited  state 
depopulation  as  rate  1,  and  the  rate  of  repopulation  of  the  absorbing  state 
as  rate  2.  Both  of  these  processes  have  a  linear  pressure  dependence  above 
the  diffusion  region,  so  that  at  higher  pressures  molecules  are  more  quickly 
returned  to  the  states  which  absorb  the  incoming  radiation.^*  This  indicates 
that  raising  the  SFg  pressure  makes  the  gas  a  more  efficient  absorber,  an 
effect  which  is  conveniently  complemented  by  the  increased  absorption  at 
higher  pressures.  Unfortunately,  however,  increasing  gas  pressure  shows  a 
markedly  slower  rate  of  heat  dissipation,  so  that  the  gas  temperature  rise 
becomes  a  difficult  problem  as  the  gas  pressure  is  raised.3U,*+2  Further, 
acoustic  wave  generation  and  dissipation  become  a  serious  problem  at  higher 
pressures .^2,54  These  unfavorable  effects  negate  the  usefulness  of  high 
absorber  pressure. 


24 


TABLE 


is  the  sum  of  the  eigen  values 


0 


1 


3 


4 


5 


PRESSURE  (TORR) 

FIGURE  6.  RATE  OF  THERMAL I Z AT  ION  OF  VIBRATIONAL  MODES  FOLLOWING 
LASER  EXCITATION  VERSUS  GAS  PRESSURE  IN  TORR 


TEMPERATURES  VERSUS  GAS  PRESSURE  IN  TORR 


Two  possible  remedies  come  immed ietely  to  mind.  First,  a  thermal 
reservoir  may  be  used  to  diminish  the  effects  of  heating  and  provide  an 
increase  in  equilibration  rate.1^  Second,  the  use  of  a  bulk  fluid  flow 
to  eliminate  the  effects  of  static  absorber  saturation  is  contemplated,  in 
effect  sweeping  the  laser  energy  from  the  components  subject  to  damage.  The 
results  of  these  equations  will  be  expanded  to  examine  the  effects  of  a  con¬ 
stant  input  source  in  order  to  further  investigate  the  capability  of  shield¬ 
ing  electronic  components.  And  specifically  including  the  effects  of  a  net 
flow  by  a  constant  fluid  velocity  peipendicular  to  the  incoming  laser  beam 
will  be  investigated. 

DISCUSSION  OF  SILICON  PROTECTION 

This  initial  effort  barely  scratches  the  surface  of  understanding  the 
dominant  interaction  mechanisms  operating  during  exposure  of  electronic 
components  to  laser  radiation,  let  alone  devises  means  of  immunization.  A 
preliminary  examination  of  some  proposals  based  on  the  experimental  and 
theoretical  information  discussed  in  this  report  may  prove  illustrative. 
Admittedly,  these  initial  mind-wanderings  hardly  describe  well  thought-out 
easily  implemented  alternatives,  but  merely  an  exposure  of  ideas. 

First,  three  distinct  types  of  materials  which  may  be  exposed  to  laser 
radiation  may  be  differentiated. 

Type  I:  Non-functioning  components. 

Type  II:  Components  whose  operation  may  be  interrupted  for  periods  of 
time  to  protect  them  from  damage. 

Type  III:  Elements  which  must  continue  operation. 

An  important  subtype  which  could  be  labelled  Ilia  comprises  those  components 
which  not  only  must  continue  operation,  but  whose  fundamental  purpose  in 
operation  is  to  monitor  10.6  pm  radiation. 

A  similar  categorization  may  be  made  of  potential  protective  mechanisms. 
Passive  measures  are  a  general  class  of  techniques  which  may  include  but  are 
not  limited  to  newly  designed,  nondestructive  material,  protective  or  abla¬ 
tive  coatings,  component  arrays,  and  new  materials  which,  though  not  immune 
to  damage,  are  not  rendered  inoperative.  Supplementing  these  alternatives 
are  those  which  may  be  called  active  protective  measures.  One  subset  in¬ 
cludes  those  which  are  always  active,  such  as  filters,  mirrors,  polarization 
selectors,  moving  slits,  dynamic  access  programs  or  variable  element  arrays. 
The  other  subset  includes  active  measures  which  must  be  made  operational 
upon  sensing  the  danger  of  potential  laser  damage.  Sample  mechanisms  in  this 
group  could  include  mechanical  shutters,  electro-optical  shutters  or  reflec¬ 
tors,  g«3  dynamic  absorbers  and  refractive  index  controls. 

The  experimental  evidence  for  silicon  samples  demonstrates  conclusively 
that  the  material  perturbation  mechanisms  are  heat  related.  The  inability 
of  the  material  to  dispose  of  the  induced  thermal  gradients  is  the  primary 
cause  of  material  modification.  Thus,  protective  mechanisms  for  silicon 
would  be  based  on  one  or  more  of  three  routes:  A)  limiting  heating  of  the 
sample;  B)  dissipating  heat  more  rapidly;  or  C)  developing  less  heat-sensitive 
systems. 
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The  objective  of  this  pioj< _  is  i.ot  mu y  lo  invest  * yaie  the  damage 

mechanisms  induced  by  laser  irradiation,  but  also  to  develop  possible  protec¬ 
tive  mechanisms  which  could  prevent  such  damage.  Based  on  the  experimental 
and  theoretical  results  obtained  in  this  preliminary  study,  five  possible 
means  of  immunizing  electronic  components  will  be  discussed  with  reference 
to  silicon  irradiated  at  10,6  urn. 

I,  Material  design:  The  most  direct  approach  would  be  to  effect  pro¬ 
tection  through  material  '  a  oassive  «•«!  r«  !  '  '■>.  if  suc¬ 

cessful,  would  be  applicable  to  at*  three  types  01  use,  and  coulo  follow 
any  or  all  three  of  the  immunization  routes.  The  present  results  and  those 
of  other  workers  have  indicated  that  surface  preparation  has  significant  in¬ 
fluence  on  the  nature  and  extent  of  surface  damage. 29,31  The  variation  in 
nature  of  the  damage  as  a  function  of  sample  size  and  thickness  provides  a 
second  avenue  of  material  control  which  may  prove  a  viable  mechanism  for 
limiting  damage.  Use  of  a  heat  sink  in  conjunction  w!th  the  operating  mate¬ 
rial  would  provide  a  means  of  effecting  protection  under  a  B)  type  route,  as 
would  increasing  the  material  thermal  conductivity,  especially  on  a  local 
basis,  through  doping  or  mixing  with  favorable  materials.  Ironically  one 
confusing  result  concerning  the  silicon  experiments  exists.  There  is  no 
evidence  that  the  observed  material  perturbation  so  alters  the  properties 
that  catastrophic  failure  results.  Obviously,  controlled  change  such  as 
that  observed  for  samples  1-5  is  preferable  to  complete  destruction,  de¬ 
pending  on  the  specific  type  of  usage  and  the  necessary  functioning  charac¬ 
teristic  of  the  material.  The  proposed  study  of  amorphous  semiconductors 
was  prompted  by  the  search  for  a  material  for  which  local  chemical  and  phys¬ 
ical  property  changes  do  not  drastically  modify  functioning  characteristics. 
One  final  note  on  material  design:  it  is  not  necessarily  an  end  in  itself, 
but  may  be  effectively  combined  with  other  proposed  routes  to  ensure  satis¬ 
fying  of  requirements. 

2.  Coatings  and  shutters:  This  general  class  of  protective  mechanisms 
follows  the  A)  and  B)  routes,  and  may  be  passive  or  active.  Passive  mechan¬ 
isms  could  include  reflective  coatings  such  as  a  gold  film  which  has  been 
used  to  limit  damage  in  other  materials .20  Ablative  coating  could  be  used 
to  dissipate  heat  and  thus  reduce  damage.  Experimental  studies  of  the  damage 
to  thin  coatings  have  been  initiated, 55  An  additional  group  of  protective 
means  is  activated  shutters  and  reflectors  such  as  Kerr  cells  and  electro- 
optical  shutters.  These  are  activated  to  prevent  damage  to  sensitive  ele¬ 
ments  on  sensing  the  danger  of  high-power  radiation,  much  as  the  iris  of  the 
eye  contracts  or  the  eyelid  closes.  The  fundamental  consideration  is  the 
time  the  system  has  to  respond  before  permanent  damage  is  done.  Future  ex¬ 
perimental  work  is  designed  to  investigate  the  rate  and  mechanisms  of  the 
damage  in  order  to  facilitate  the  use  of  activated  mechanisms  of  this  type. 
Since  the  conversion  of  optical  energy  into  heat  is  apparently  very  fast, 
the  possibility  exists  that  damage  initiation  occurs  much  faster  than  any 
device  could  operate.  However,  the  experimental  results  indicate  that 
damage  in  silicon  samples  occurs  on  a  much  lonqer  time  scale,  and  initiated 
devices  may  provide  an  acceptable  means  for  protection  of  silicon  components. 
Naturally,  the  effects  of  the  laser  radiation  on  the  protective  system  then 
becomes  a  variable  of  paramount  importance.  This  general  protective  mechan¬ 
ism  would  be  unacceptable  for  Type  Ilia  materials,  and  for  many  applications 
of  Type  1 1 1  materials. 
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3.  Gas  Flow:  The  difficulties  involved  in  the  use  of  static  absorbers 
have  been  explored  in  the  preceding  section.  This  docs  not  preclude  the  dis¬ 
covery  of  systems  with  molecular  properties  more  amenable  to  this  usage,  or 
to  the  implementation  of  a  flowing  absorber  system.  This  regeneration  of 
the  active  medium  nay  provide  a  combination  system  capable  of  transient  pro¬ 
tection  of  Type  II  and  III  materials,  subject  to  the  constraints  discussed 
in  the  preceding  paragraph,  or  it  may  afford  a  permanent  screen  to  Type  I  and 
some  Type  II  materials.  These  mechanisms  are  being  investigated  more  fully 
on  an  experimental  and  theoretical  level. 

h.  Dispersive  Elements:  The  abilitv  to  deflect  an  unwanted  radiation 
from  the  component  to  be  protected  would  be  a  means  for  immunization.  Class¬ 
ically,  prisms  and  diffraction  gratings  have  permitted  discrimination  of 
undesired  wavelengths,  without  absorbing  or  reflecting  the  light.  Such  a 
device  could  be  used  to  protect  Types  I  - 1 1 1  materials,  though  it  would  not 
be  effective  for  Type  Ilia.  An  activated  medium  which  produced  controlled 
density  fluctuations  or  in  which  the  laser  itself  produced  refractive  index 
changes  could  bo  used  to  control  the.  dispos i t ion  of  incoming  beams.  Unfor¬ 
tunately,  these  mechanisms  show  an  or  scattering  dependence,  and  their  feasi¬ 
bility  in  the  IR  seem  marginal.  However,  the  strong  interaction  of  the  laser 
beam  with  an  absorbing  medium  may  generate  significant  enough  index  of  re¬ 
fraction  changes  that  a  dynamic  medium  would  afford  significant  beam  trans¬ 
lation  to  protect  the  vulnerable  component. 

5.  Pulse  Coding:  The  problem  of  protection  of  Type  Ilia  materials  is 
by  far  the  most  difficult.  And  the  recovery  of  useful  information  from  a 
large  background  of  potentially  damaging  information  is  non-trivial.  A 
possible  approach  is  to  so  code  the  usefui  signal  by  a  series  of  modulations 
that  it  may  be  recovered  from  the  dc  background  by  a  series  of  narrow  band 
filters.  An  alternative  would  be  to  periodically  alter  the  polarization  of 
the  desired  signal  and  discriminate  against  all  but  the  coded  signal  on  input. 
These  mechanisms  are  not  immunization  techniques,  but  are  means  of  information 
processing  which  require  non-vu Inerable  detecting  elements,  as  discussed  under 
material  design. 

CONCLUSIONS 

One  ironical  note  may  be  added.  Silicon  was  chosen  for  our  first  series 
of  experiments  because  it  possesses  the  desired  well-characterized  properties 
that  would  lend  it  to  a  detailed  i ,ives t igat ion  of  perturbation  by  laser  irra¬ 
diation.  It  was  to  be  a  foundation  on  which  to  build  in  future  studies  of 
more  sophisticated  systems.  Yet  it  has  shown  resistance  to  drastic  modifica¬ 
tion  of  properties  when  exposed  at  10.6  urn.  This  does  rot  mean  that  it  is 
non-vu Inerable,  merely  that  it  may  also  form  a  basis  for  designing  more 
resistant  materials.  Future  work  will  not  only  be  devoted  to  a  study  of 
more  complex  materials,  but  also  to  detailed  understanding  of  the  mechanisms 
in  silicon  and  the  effects  of  parameter  variation  on  the  onset  and  nature  of 
the  damage. 
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